Abstract-This paper is about the first 25 years of the author's career. The author started working with superconducting (S/C) magnets in 1965. He has been in the field for more than 50 years. He worked on S/C magnet refrigeration and with S/C magnets from 1966 to 1971. He made the first measurement of higher multipoles generated by the circulating currents within the superconductor filaments in the first Berkeley S/C dipole magnet built in 1969. He also performed cooling experiments with super critical and twophase helium on a small S/C magnet using a refrigerator. In the spring of
T
HE discovery of type II superconductivity in 1961 [1] was met with great enthusiasm in particle physics laboratories in the United States and in Europe. Luis Alverez at the UC Lawrence Radiation Laboratory (UCLRL) now the (LBL) established a superconductivity group shortly after the announcement was made. The driving force for setting up the group was the possibility of using superconductors to build a magnet for a 5-meter (200-inch) bubble chamber. It was clear almost from the start that alloy superconductors such as Nb-Ti and an Nb-Zr were promising because they could be drawn in wires and heat-treated to carry current at inductions up to 8 T. The dream of a large bubble chamber was dashed by 1964 because the superconductors made in the early 1960's would not perform anywhere near as well in a magnet as they had in short samples [2] - [5] .
I joined the UCLRL group in 1965, because I was looking at the possibility of a superconducting thin septum dipole based on the discovery of cryogenic stability [6] . During this time, the Berkeley group found that they were able to make some solenoids that would go to close to the short sample current without quenching, if there was enough copper in the conductor [7] - [9] . These magnets the still exhibited large flux jumps.
As the superconductors improved, the magnets improved [10] , [11] . This work was done before there was an understanding of intrinsic stability [12] , [13] and dynamic stability [14] , [15] . The six-week Brookhaven National Laboratory (BNL) summer study of 1968 was key for disseminating the knowledge of how superconductors could become more stable using transposed fine filaments in a low resistivity copper matrix [16] . The author spent two weeks at the BNL summer study.
II. HELIUM COOLING WORK AT UCLRL AND ELSEWHERE
In the late 1960's I also ran a 35 W helium refrigerator at UCLRL that produced all of the laboratory's liquid helium. As an engineer, I felt that cooling was an equally important part of any S/C magnet program [17] . In the 1960's, ASC didn't accept papers concerning cooling. Those papers were published in cryogenics journals or in IEEE Transactions on Nuclear Science, which published the Particle Accelerator Conference (PAC) papers. My helium refrigeration work at Berkeley included learning how to cool down large masses (tons not kg) using a helium refrigerator [18] and designing cryostats suitable for refrigeration operation [19] .
While at Berkeley in the 1960's, I became interested in supercritical helium cooling [20] , [21] of magnets. In 1970, UCLRL cooled a small intrinsically stable superconducting solenoid magnet cast in paraffin wax. Supercritical and two-phase helium cooling was delivered in a tube from a 35 W refrigerator [22] . Two-phase helium cooling resulted in an operating temperature that was 0.5 K lower. Two-phase cooling became very important for large detector magnets after 1975 [23] . Over the years, I was involved with 4 K cooling using large-scale refrigeration systems [24] and cooling with small coolers [25] . If HTS magnets and cables are going to be successful, a systems approach is needed on the cryostats and cooling for these devices. In the last three years, I have looked at cooling HTS magnets at temperatures >15 K using He, H 2 and Ne [26] , [27] .
III. EARLY INDUCTANCE AND AC LOSS MEASUREMENTS IN A
SUPERCONDUCTING SOLENOID MAGNET S. Wipf gave and extended paper at the 1968 summer study that was an extended version of an earlier paper [28] , [29] [30] , which deals with AC losses between h C1 and the penetration field H P and the between h P and h C2 Several methods for measuring AC losses were described by Wipf. The most used methods that were applied for conductors and magnets were the helium liquid boiloff [31] , and the magnetization methods [32] . Morgan and Dahl used the liquid helium boil-off method [33] , whereas the method used by the UCLRL group in magnets was different than either of the methods. In 1967, UCLRL devised a way of measuring magnet AC losses electronically [34] . The method used for measuring AC losses was based on measuring the energy going into a magnet and subtracting the energy coming out of the magnet on a cycleby-cycle basis. The voltage across the coil was multiplied by a signal proportional to the current to give a signal proportional to the power. The signal is integrated through the cycle using an integrator circuit that had a drift of less than 1 part in 10 4 over a period of >1000 seconds.
The LRL magnet used for the first 1968 measurements was made from single core of Nb-Ti (50Nb-50Ti) superconductor with a single ∼381-μm round filament in diameter within a 0.761-mm round wire. The conductor was 25 percent Nb-Ti. The residual resistivity ratio (RRR) of the copper was ∼100. The superconductor J C at 5 T and 4.2 K was ∼1000 A mm −2 . This wire was insulated using a thin copper oxide insulation, which had a high thermal conductivity. This conductor was surprisingly stable when used in a magnet with liquid helium in the windings despite being far from the intrinsic stability. There was enough copper to permit some dynamic stability.
The magnet winding had an ID of 38.1 mm, an OD of 114.3 mm, and a length of 114.3 mm. Insulation between layers was glass cloth. The conductors were surrounded by liquid helium. The maximum induction on axis was ∼7 T. The magnet was wound on a thin 304 stainless steel mandrel.
In all cases the AC loss measurements started with a virgin magnet that had been above the T C of the superconductor. Measurements were done with various current changes. In every case the AC loss for the first cycle was larger than for subsequent cycles. The reason is clear when one looks at the magnetization curve of a superconductor that is in the virgin state (never seen a flux change while superconducting) and the magnetization curve for subsequent cycles at a given flux change in the conductor. After a few cycles, the AC loss per cycle reached an asymptotic value. Using this method, one could measure the change magnet inductance during the magnet charge and one could measure the Q of the magnet. The magnet Q is defined as the energy put into the magnet divided by the AC loss energy per cycle. Figure 1 shows the measured change in the magnet inductance and Q with current. Below the penetration field, the magnet inductance went up and the Q went down because the AC loss per cycle is proportional to ΔH 3 whereas the magnet-stored energy goes up as ΔH
2
. After penetration of the superconductor, the magnet inductance became constant and the Q goes up with current, because the AC loss per cycle is proportional to ΔH after full superconductor penetration. This is a plot of magnet Q and magnet self-inductance as a function of magnet current. The bend in the inductance curve and the base of the dip in the Q curve is at the current where most of the superconductor is penetrated by the magnetic field as current rises. (This figure is from LBL.) [34] A second series of measurements were made on the magnet just after the 1968 summer study. The tests used an Airco conductor with 131 filaments ∼33.5 μm in diameter in a wire 0.761 mm in diameter. The conductor was 25 percent Nb-Ti. The Cu RRR was ∼100. The conductor J C at 5 T and 4.2 K was also ∼1000 A mm −2 . The second series test was done with the conductor untwisted with the copper oxide insulation wound on the same mandrel as the single core conductor.
In Gilbert's 6th week summer study report [35] , he remarked that if Smith and Lewin [13] were wrong, the AC loss at low frequencies in the untwisted Airco conductor would be ∼10 percent of the AC losses in the Supercon conductor. If they were correct, the conductor the AC loss would be twice that of the Supercon conductor. Gilbert remarked that flux jumping seemed to be greatly reduced. Just after the summer study ended, UCRL confirmed that the Smith and Lewin predictions were correct.
After the 1968 summer study the Airco multifilament conductor was twisted with a twist pitch of ∼100 mm and had an organic insulation applied to the wire. Then this wire was tested on the same mandrel as the other two tests. The AC losses were reduced by a factor of ∼11 and the S/C penetration current was reduced by a factor of ∼6. Because the filament size was close to the intrinsic stability limit, there were virtually no flux jumps and the magnet reached short sample with an organic insulation on the conductor.
IV. MAGNETIC MEASUREMENT OF A SUPERCONDUCTING DIPOLE AND QUADRUPOLE AT UCLRL
LRL tested a dipole fabricated in 1969 [36] . The dipole was wound with four layers of superconductor to produce a uniform [37] field by approximating two intersecting ellipses. The superconductor was a single strand conductor that had the dimensions of 1.27 mm by 3.26 mm. The dipole had ∼275 m of this conductor wound on edge on a mandrel with an OD of 104.2 mm. The superconductor had 360 filaments that were ∼69 μm in diameter. The copper to superconductor ratio for the conductor was ∼2. The conductor was twisted before being drawn to its final shape. The Nb-Ti had a J C at 4.2 K and 5 T of ∼1000 A mm −2 . The conductor had barber-pole insulation so that half of the conductor surface was exposed to liquid helium. The layers were wound onto a stainless steel bore tube that had a clear bore of 101.5 mm. Pre-stressed stainless steel wire was wound on each layer to support the magnet coils against magnetic forces. The length of the dipole including the ends was 422 mm. The magnet had two iron shells. The inner shell had an ID of 142.7 mm and a thickness of 12.7 mm. The outer shell had an ID of 175 mm and a radial thickness of 22.1 mm. Both iron shells had a length of 457 mm. The magnet and its two iron shells are shown in Fig. 2 [37] . During the magnet test, only the inner iron shield was used.
The two-dimensional magnetic measurements were done using a short coil with coil rotating around the magnet axis. The center of this rotating coil was at R = 36.5 mm, which is ∼70 percent of the 52.1 mm inner coil radius. The magnetic measurements were done a various currents up to 1300 A, which generated a central induction of 2.07 T without iron and 2.41 T with the inner iron shell. The field uniformity was ∼3 percent at a current of 1000 A with the inner iron shell.
The interesting thing about the magnetic measurement was the quality of the magnetic field after the magnet had been charged to a current as was brought back down to zero current. This is illustrated for one case in Fig. 3 . The bend in the residual field curves corresponds to the induction the conductor 69-micron filaments are penetrated. (Drawing is from LBL.) [37] There were arguments within the group as to what the zero current measurements meant. Some felt that we were seeing only stainless steel magnetization. I was convinced that we were seeing superconductor magnetization effects. This shown in Fig. 4 , where the value of the residual dipole is related to the previous peak current. The residual dipole changes very little once the superconductor is fully penetrated by the field. The surprise was the fact that the magnetization field had a very different structure from the transport current field. For example, the sextupole term for the magnetization term at the rotating coil radius of 36.5 mm was ∼70 percent of the dipole term. The transport current sextupole at a current of 1300 A was ∼2 percent of the dipole term.
Because the magnet has up-down and left-right symmetry the predominant terms were the normal N = 1, 3. 5. 7 and so on with no skew terms, which one expects with a dipole of this symmetry. The residual field has the same symmetry allowed terms as the field generated by the transport current in the dipole. A dipole that is perfect with transport current flowing in the conductor is far from perfect when circulating currents are flowing in the conductor filaments. We noticed the similar magnetization behavior when we measured the Los Alamos 6-inch quadrupole doublet in 1970 [38] .
V. WHERE DID THE EARLY WORK ON AC LOSSES AND MAGNETIZATION WORK LEAD?
The theory of the behavior of magnetization currents says that the field due to S/C magnetization is proportional to filament diameter and local J C [39] . A more extensive theory based on current doublets came out in 1972 [40] . For a round S/C filament, the doublet angle is determined by the flux line angle through the filament. A model for S/C magnetization in a dipole or quadrupole requires having a way of modeling the J C of a superconductor as a function of B and T over a wide range from B c1 < B < B c2 and 0 < T < T c . This model was created in 1984 [41] .
Later we learned that other factors that come into play when the S/C filaments are too close together. My 1972 computer code was modified in the 1980's to model a number of other magnetization effects and field correction methods. Some of calculations were verified experimentally [42] , [43] . In 1990, we also studied magnetization in nested corrector magnets [44] . We found that the magnetization field pattern is set by the dominant field from the correction coils.
The correction methods [42] studied didn't do a very good job of correcting the effects of drift in the magnetization sextupole due to coupling current decay within a Rutherford cable [45] . The cable coupling magnetization doublet-angle is set by the angle of the flat face of the cable; the filament magnetization doublet-angle is set by the field angle. Cycle changes at low field can improve this correction [46] .
An extreme case of magnetization can be found within a ReBCO HTS tape conductor. A field perpendicular to the tape causes large magnetization fields because of the width of the conductor. Magnetization due to field parallel to the tape is smaller, because the S/C thickness is much smaller than its width. Current anisotropy makes the HTS tape magnetization problem more difficult. Magnetization will be a large problem in MRI or NMR magnets made with HTS tape. I became a member of the machine design committee and the magnet committee of the GESSS collaboration, which included people from the Rutherford Appleton Laboratory (RAL) in the United Kingdom, CEN Saclay in France, and Centre European Research Nuclear (CERN) in Switzerland. In addition, we were also expected to work with Siemans a large German electrical company.
F. Arendt and I represented KfK on the GESSS machine design committee. This committee had accelerator physicists from CERN, Saclay and RAL. CERN was interested in building the SPS with missing magnets so that the missing dipole magnet slots could be filled with superconducting dipoles later. The machine design committee rejected this approach as being unworkable and expensive. We favored a separate ring of superconducting magnets [47] . The machine design committee looked at magnet lattices for a separate ring. We also did cost estimates of a separate ring including the tunnel [48] . The optimum dipole induction depended on the synchrotron cycle time. If the repetition rate was 10 s, the optimum dipole field was below 4 T. If the magnets operated as a storage ring the optimum field was ∼4.5 T. The cost estimate didn't include engineering and magnet development. We also looked at superconducting magnets and their refrigeration for the CERN SPS experimental areas [49] .
The magnet committee had people from the three labs that were going to build 1-m long dipoles [50] . The initial design goals were; the dipole must produce 4.5 T, the field uniformity must be better than 1 part in 100, and the magnet rise time must be 1 second. At the time, RAL had the best magnet team in the world with the likes of P. F. Smith, M. N. Wilson, P. T. M. Clee and several others. The French team led by Bronca was also very experienced with H. Desportes on board. In terms of experience, the KfK team had a lot to learn. We hadn't built a superconducting magnet yet.
The RAL magnet in Fig. 5 was a layer wound potted magnet (before Rutherford cable was developed) using wire from Imperial Medals Industry (IMI) in Birmingham. At the time, IMI made a superconductor with a J C at 5 T, and 4.2 K of 1250 A mm −2 [51] . The RAL magnet was to be encased in a circular cold iron shell to contain the forces. The RAL group was confident that they could reach their design goals.
The Saclay group proposed a potted magnet design with coils similar to intersecting ellipses. The conductor was a rectangular superconductor that came from France. The magnet coil cooling to the helium was through copper heat drains. The French magnet also included a cold iron shell. Since cooling was clearly going to be a problem, the magnet was designed for long cycle times, which was favored by the GESSS machine design committee.
The KfK group started from scratch [52] - [54] . We used programs that could used to design dipoles and quadrupoles. One of these programs could analyze the effect of random position errors. We had a program that would estimate the field errors due to conductor magnetization at low fields [40] . We decided to use the best conductor available. We chose a cable with a twelve strands with 12-μm filaments soldered to a copper core. The overall copper to S/C ratio was 2.4. The strand twist pitch was ∼12 mm and the cable twist pitch was ∼35 mm. IMI fabricated the conductor [51] . The magnet was wound in five layers each approximated a cosine theta design. Our design called for a field uniformity of better than 1 part in 1000 from ∼0.45 T to 4.5 T. The magnet ends were designed to produce a uniform integrated field as well [54] . The coil magnetic forces were carried using fiberglass-epoxy bands. At 4.5 T the magnet design current was 1390 A. Due to excessive training, the fiberglass-epoxy bands were replaced with shrunk fit aluminum rings. Figure 6 shows the finished magnet is shown going into the cryostat. The magnet had a laminated iron core that was 380-mm wide by and 300-mm high with a 172-mm in diameter hole in the center. The magnetic properties of this iron were checked at 293 K and 4.2 K [55] . A magnetic measurement sys- tem was built so that the dipole component of field was bucked out [56] . This permits the higher multipoles to be measured to ∼1 part in 10 5 with respect to the dipole term. G. Ries and I did a comparable analysis of the effects of random errors of 100 microns [57] . Fig. 7 shows the training quenches of the magnet with the fiberglass epoxy rings and training after these rings were replaced with shrunk fit Al rings [58] . Table I shows the ideal and measured field error of the KfK D2a magnet [58] . The field was expanded in a series using the following expression;
where B o is the dipole field, and C n is the multipole value ratio at r c , the inner coil radius. The letter n is the multipole number (n = 1 is a dipole, n = 2 is a quadruple, and so on.), r is the radius, θ is the angle starting on the midplane, and α n is phase error. The values given in Table I were normalized to the inner coil radius, which is 40 mm. When one looks at the measured values at 0.68 T, 2.7 T, and 4.54 T, one sees little conductor magnetization effects or iron saturation effects on the measured multipoles. As one moves in from the inner coil radius r c , the multipole value goes down as (r/r c ) n −1 . Except for the quadrupole term (N = 2), the magnet met the KfK design specification. The quadrupole term appears to be about a factor of five higher than what one would expect from random error in any multipole. The quadrupole error appears to be a systematic measurement error that doesn't affect the other mulipoles. At 4 T, the hysteresis AC loss in the magnet with a ΔB upand-down in a triangular waveform was ∼93 J per cycle [58] . At 4 T, the magnet stored energy is ∼105 kJ, so the magnet Q is ∼1130. At a frequency of 0.1 Hz (5 seconds up and 5 second down), the AC loss was ∼375 J per cycle with a ΔB of 4 T [58] . The magnet Q is this case is '∼280.
The KfK met all of the requirements for the magnet built by the GESSS collaboration except that it couldn't be charged to 4.5 T in one second. Because the field uniformity was close to what is required for an accelerator, the D2a magnet was considered to be successful. For a storage ring, the field uniformity must be improved by factor of 10. Like most dipole magnets of the early 70's, there was excessive training in the D2a magnet. The aluminum rings improved training, but didn't eliminate it. The introduction of collars and proper pre-compression would go a long way to reduce magnet training to an acceptable level. Having liquid helium in the windings also reduced magnet training.
Siemans built a magnet to compete with KfK. This magnet used a shoelace braid conductor. This magnet had poor field quality and only reached a maximum induction of 2.9 T. As a result, the IEKP, which later became the Institute of Techniche Physik (ITP), became the leading group in Germany to develop and test magnets for fusion [58] .
VII. WHERE DID THE ACCELERATOR MAGNET WORK LEAD?
My work on accelerator magnets the 1960's and 70's didn't pay any dividends until the 1980's. After I returned from Germany in 1973, I went to work determining whether the SLAC PEP machine should be built with superconducting magnets [59] , [60] . It didn't make sense economically to build a low energy electron machine with superconducting magnets. After I left KfK, RAL built their first magnet using Rutherford cable. Rutherford cable was not used in ESCAR, [61] - [63] , a project I worked on in 1975. ESCAR was defunded, in part because the decision had been made to build the energy doubler at FNAL. ESCAR had a warm bore and warm iron. I became convinced that cold iron close to the coils and a cold beam tube were desirable. I modeled magnets that would have the right field quality [64] .
In 1975, I started working on detector solenoids [65] , [66] . The PEP detector required an S/C 10 MJ solenoid magnet to operate at conductor current densities of 650 A mm −2 . For this magnet, quench protection was a key element [66] .
I didn't return to accelerator magnet design until the 1980's. I visited Brown Bovari Company (BBC) in Mannheim, Germany in the spring of 1981, as a consultant. I met with BBC engineers to discuss the design of a superconducting dipoles and quadrupoles for a proposed machine HERA at DESY in Hamburg. BBC wanted to be a bidder on the magnet project. The other German company that wanted the project was Siemans in Erlangen Germany. Siemans proposed a design with a warm bore and warm iron similar to the energy FNAL doubler magnet [67] . I proposed a cold iron design with iron as close to the coil as one could place it without iron saturation induced sextupole and decapole. I proposed the use of aluminum collars to provide extra pressure on the winding. I also proposed that the accelerator beam tube be at 4.5 K with beam in the magnet. The engineers at BBC came up with a design for a cold iron superconducting dipole with aluminum collars, and a cold bore, which was potentially much cheaper than the Siemans' design [68] . Both companies were asked to make a one-meter long dipole magnet. BBC won the contract for half of the dipole magnets. Ansaldo in Italy built he rest of the dipoles. The quadrupoles were built in France.
In the 1980's, I was on the Berkeley design team for Superconducting Super Collider (SSC), with a design center-of-mass collision energy of 40 TeV. I spent part of my time on the problem of modeling magnetization field errors [40] - [42] . I also looked at some detector magnet designs.
I was an advocate of the low field SSC dipole design. I knew from that low field (<4.5 T) magnets with 100 mm bores could have very little training and very good field quality. This was the optimum cost point for a collider [48] [69] . In 1980's, the magnets were cheaper than in the 1960's and the tunnels were much cheaper. I was overruled, even though General Dynamics had successfully tested a 25-foot long dipole magnet with a central induction of ∼4 T. The SSC dipole design field became 6.6 T. The SSC magnets had training problems, because the current margin and the magnet bore were too small. This delayed magnet production, which led to the SSC being de-funded by the US congress.
VIII. SOME COMMENTS ON QUENCH PROTECTION Quench protection wasn't a problem during the 1960's, because magnet stored energies were low. With large detector magnets, quench protection became an issue [23] . The basis for quench propagation velocity calculation and adiabatic quench protection comes from a paper by Cherry and Gittleman in 1960 [70] . Derived from this paper one can come up with a general rule for quench protection that can be summarized using the following expression [71] , [72] ;
where E is the magnet stored energy at a current I. J is the conductor current density at a current I; V is the discharge voltage across a resistor at a current I; r is the conductor copper to S/C ratio; T H is the hot spot temperature; and
C is the volume specific heat and ρ is the matrix resistivity. j(t) is the current density in the conductor at a time t. For T H = 300 K, F * (T H ) = 1.5 × 10 17 A 2 m −4 s for RRR = 100 copper, and for RRR = 100 aluminum, F * (T H ) = 0.6 × 10 17 A 2 m −4 s. At high conductor current densities, the problem is how to get the current out of coil quickly to keep the quench hot spot temperature T H < 300 K. LBL fabricated magnet mandrels from 1100-O aluminum, so that as a coil quench propagates in the magnet, the current shifted to the mandrel inductively, which in turn causes the whole coil to quench more rapidly through quench-back [72] - [74] . This method works well in magnet coils that are inductively well coupled to the mandrel and where the ground insulation between the coil and the mandrel is <1-mm thick [73] . In a 1-meter diameter test coil, we had passive quench protection with J = 1250 A mm −2 over the total conductor. The PEP-4 detector solenoid could quench passively at J = 650 A mm −2 at an E = 10 MJ. Along the way we discovered that the use of a thyrite resistor (a high forward voltage diode) could cause a rapid drop in the magnet current and cause rapid quench back [72] and a lower value of T H [75] . We quenched a 2-m diameter solenoid magnet in ∼30 ms by discharging a capacitor into the centertap of the two-layer magnet coil. Both of these methods reduced the hot-spot temperature T H more than passive magnet quench-back [75] . Another approach for protecting magnets is sub-dividing the coils with diodes and non-inductive resistors installed across the coils [76] , [77] . These resistors can provide added coil quench-back [78] .
In 1981, P. Eberhard developed a good model for quench propagation velocity along a superconducting wire [79] . The quench propagation velocity is lower when the wire enthalpy change during a quench is larger. This is why the quench propagation velocity along HTS conductors is low [80] , [81] . Quench protection can be a serious problem for HTS magnets with stored energies as little as 30 kJ.
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